The new species Melanospora subterranea is described from China, based on morphological and phylogenetic analyses. This is the first record of Melanospora species parasitizing Chinese black and white truffles (Tuber indicum and T. huidongense), and its host range indicates that the new species might be a disease threat to commercially exploited European truffles including Tuber melanosporum and Tuber magnatum. Apparent polyphyly within the Ceratostomataceae can be explained at least in part by inadvertent sequencing of the host fungus instead of the parasite.
INTRODUCTION
The Melanospora complex, a distinctive group of microfungi with translucent ascomata, was revised by Cannon and Hawksworth (1982) based primarily on data obtained by SEM examination of the ascospores. They adopted relatively narrow generic concepts, accepting Sphaerodes as emended by von Arx (1981) , and erected new genera including Persiciospora with pitted ascospores. Cannon and Hawksworth (1982) arranged the species with smooth-walled, lemonshaped to ellipsoidal or ellipsoidal-citriform ascospores and sunken germ pores in Melanospora, while those with reticulate ornamentation on the ascospore surface and raised tubercle-like germ pores were placed in Sphaerodes. Further species were added to the complex by García et al. (2002 García et al. ( , 2004 , Hawksworth et al. (1999) , Krug (1988) , Nitzan et al. (2004) , Stchigel et al. (1996 Stchigel et al. ( , 1999 and Vujanovic and Goh (2009) . Chaudhary et al. (2006) published the new genus Vittatispora from India, which also belongs to the Melanospora complex, and the nonsporulating Papulaspora was demonstrated to represent sterile Melanospora ascomata by Davey et al. (2008) .
Melanospora and its relatives were placed traditionally within the Ceratostomataceae (Sordariales) based primarily on morphological parallels with the Chaetomiaceae (e.g. Hawksworth et al. 1995) . The first molecular phylogenetic studies (Rehner and Samuels 1995, Jones and Blackwell 1998) indicated that Melanospora belonged within the Hypocreales clade. Zhang and Blackwell (2002) and Chaudhary et al. (2006) considered the Melanospora clade to be a sister group of the Hypocreales and found that sequences derived from other genera placed in the Ceratostomataceae (syn. Melanosporaceae) clustered within the main Hypocreales clade. Zhang et al. (2006) concluded that the family belonged to the Hypocreomycetidae (i.e. the clade containing the Coronophorales, Glomerellales, Halosphaeriales, Hypocreales, Microascales) but that it was a sister group of the Coronophorales and merited recognition as the new order Melanosporales. The order was published formally by Hibbett et al. (2007) . A similar placement was proposed by Schoch et al. (2007) in a study of marine fungal lineages within the Hypocreomycetidae. However, the apparent paraphyly of the order Melanosporales to date has not been addressed.
During our studies on the genus Tuber (i.e. the true truffles) in China, an interesting microfungus belonging to the genus Melanospora was found within ascomata of T. indicum (the Chinese black truffle) when we cut the fruit body into slices, with the parasitized ascoma showing densely crowded pin-like black dots that occupied nearly all the internal space of the tissues. The same fungus also was found in ascomata of T. huidongense, an endemic species of Chinese white truffle.
MATERIALS AND METHODS
Morphological studies.-Macroscopic characters were described both from fresh and rehydrated dried specimens and microscopic characters from razorblade sections mounted in 3% KOH (w/v), Melzer's reagent and 0.1% (w/v) cotton blue in lactic acid. For scanning electron microscopy (SEM), spores were scraped from the dried host gleba onto doubled-sided tape, which was mounted directly on an SEM stub and coated with gold/palladium. The treated materials were examined and photographed with a Hitachi S-4800 SEM.
Molecular methods.-Total genomic DNA was extracted from ascomata with PeqLab E.Z.N.A._Fungal DNA kit following the manufacturer's protocol after the samples were crushed by shaking for 3 min at 30 Hz (Mixer Mill MM 301; Retsch, Haan, Germany) in a 1.5 mL tube together with one 3 mm diam tungsten carbide ball. The large subunit (LSU) region of the nuclear ribosomal DNA (rDNA) was amplified with PCR with primers LROR/LR5 (White et al. 1990) . PCR was performed in 50 mL reactions containing DNA template 4 mL, primer (10 mM) 2 mL each, 2 3 Master Mix (Tiangen Biotech Co. Ltd., Beijing) 25 mL. PCR reactions were run as follows: initial denaturation at 95 C for 4 min, followed by 32 cycles at 94 C for 1 min, 58 C for 1 min, 72 C for 1 min and a final extension at 72 C for 10 min. The PCR products were sent to Invitrogen Biotechnology Co. Ltd. (Beijing) for purifying, sequencing and editing. The other sequence data of LSU rDNA included in this study were downloaded from GenBank (TABLE I) .
Phylogenetic analyses.-DNA sequences were aligned with MUSCLE (Edgar 2004) , within the MEGA5 phylogenetic software package (Tamura et al. 2011 ). The aligned dataset was analyzed with maximum parsimony (MP) and maximum likelihood (ML) analyses, also within the MEGA5 package, with heuristic searches using close neighbor interchange (CNI) on 10 initial random trees. Gaps and missing data were taken into consideration where . 95% unambiguity was encountered. One thousand bootstrap replications were used. A sequence derived from Chaetosphaerella phaeostroma (AY695264) was used as outgroup.
RESULTS
Phylogenetic analyses.-A total of 250 characters out of 864 were found to be parsimony informative. Maximum parsimony analysis resulted in one of 20 most parsimonious trees with a length (TL) of 652 steps, consistency index (CI) of 0.619632, retention index (RI) of 0.890845 and rescaled consistency index (RCI) of 0.551996 (for all sites). The nrLSU matric is available at www.treebase (http://purl.org/ phylo/treebase/phylows/study/TB2:S12403)
The phylogenetic analysis (FIG. 1) revealed two strongly supported major clades representing the Hypocreales and the Melanosporales. The latter clade was represented by sequences from 12 taxa, with Vittatispora coorgii included as a basal lineage within the Melanosporales, and two strongly supported subclades containing four and five sequences respectively. These subclades did not appear to correlate exactly with taxa as defined with morphological methods. The new species, M. subterranea, clearly could be demonstrated as belonging within the Melanosporales clade but did not definitely cluster within a particular subclade.
Sequences derived from taxa considered as belonging to the Melanosporales based on morphological analysis also were found scattered throughout the main Hypocreales clade (shaded in FIG. 1 Etymology: referring to the environment of the host species.
Stromata absent. Ascomata growing in the internal tissues of Tuber ascomata, 200-250 mm diam, solitary or gregarious, immersed, globose, cleistothecial, translucent, light brown to mid brown, appearing black when the ascospores are mature. Peridium membranous, composed of hyaline or light brown, translucent, polygonal to irregular pseudoparenchymatous cells (5-)7.5-15 mm diam. Interascal tissues absent. Asci clavate, 45-60 3 15-20 mm, thin-walled, short-stalked, without apical structures, evanescent, 2-spored. Ascospores 15-22.5 3 10-15(-17.5) mm, ellipsoidal-citriform, both ends slightly apiculate, guttulate and dark brown to near black at maturity, smooth-walled, with two indistinct apical germ pores. Anamorph not seen.
DISCUSSION
The new species described here, with its translucent ascocarps and smooth-walled ellipsoidal-limoniform spores, clearly belongs to Melanospora, and the LSU rDNA analysis (FIG. 1) confirms this placement. Two similar species of that genus have cleistothecial ascomata (TABLE II) . Microthecium geoporae (Oberm.) Hö hn. (basionym Guttularia geoporae Oberm.) has not been transferred formally to Melanospora. It has much larger ascospores than those of M. subterranea, with a larger length/breadth ratio. M. zobelii appears to be broadly similar in most respects but has bilaterally flattened ascospores and as far as we can tell does not parasitize Tuber species. The type of M. zobelii was not indicated by Corda (1842) , and although the species was described briefly by Udagawa and Cain (1969) there was no indication that they had seen the type. Even if authentic material exists it would be unlikely to be sequenced successfully due to its age. Corda specified that the host fungus of M. zobelii was Rhizopogon albus, which in Corda's sense according to Paoletti (1889) , is a synonym of Choiromyces meandriformis, a fungus belonging to the Ascomycota instead of the Basidiomycota. Most authors subsequent to Corda misinterpreted M. zobelii, describing instead a fungus now known as Melanospora tulasnei (Udagawa and Cain 1969, Hawksworth and Udagawa 1977) . In the light of these confusions and the observed difference in spore shape between Melanospora subterranea and M. zobelii, we think it is reasonable to accept M. subterranea as a new species rather than resurrect an old species name of doubtful application.
Both genus and species concepts in the Melanosporales need further investigation. Ascospore ornamentation has not been shown to be a good indicator of phylogeny (Zhang and Blackwell 2002 well defined subclades that may merit generic status but which do not appear to correlate strongly with morphological characteristics of ascospores. Based on available LSU sequences, it would appear at first glance that the Ceratostomataceae is highly polyphyletic. However, published sequences of Syspastospora parasitica and Persiciospora spp. cluster closely with their host fungi (respectively Isaria farinosa and Fusarium spp.) and it is likely that the sequences are derived from mixed samples. Sphaerodes retispora is not definitely known to be a fungal parasite, but its clustering with a Trichoderma species that is itself mycoparasitic suggests that the culture that was sequenced might have been contaminated.
Not all the seemingly aberrant clades can be explained in this manner. Four sequences identified as Melanospora species form a weakly supported sister clade (Clade 1, FIG. 1) to Cosmospora (Hypocreales, Nectriaceae), a position that led to the former placement of the Ceratostomataceae within the Hypocreales (Rehner and Samuels 1995) . BLAST queries using these sequences do not result in close matches with possible host species, and they do not appear to be chimeric, but there are indications that some at least are faulty. The two M. fallax sequences differ by five of 823 base pairs but are derived from the same culture CBS 478.75. The culture could be genetically heterogeneous, but sequencing problems also could account for the discrepancies. Potential sequencing errors frequently are ignored when using published sequences as comparators but may be significant especially with those generated by early-generation equipment; see Cannon et al. (2008) for a further example. More significantly, M. zamiae U17405 and AY046579 differ in no less than 180 of 853 base pairs and cluster in different clades but also are derived from the same strain, in this case ATCC 12340. The discrepancies are scattered throughout the sequence, and it is difficult to conclude that they are the result of technical failings in the sequencing process. Further studies are necessary, but the most likely scenario at present seems to be that the sequences in Clade 1 are derived from host species comprising a so far unrecognized clade of the Hypocreales.
To date, host/parasite relations have not been correlated strongly with classification in Melanospora and its relatives. Some species (notably M. zamiae) grow easily in pure culture and frequently are isolated from sources that are not recognized as fungal. Jordan and Barnett (1978) found strains of M. zamiae displayed symptoms of pathogenicity when challenged with a range of different fungi, but parasitism was defined only by production of ''hook'' or ''contact'' cells, and the effect on the host was not measured. Three species of Ceratostomataceae were investigated by Harveson and Kimbrough (2001) for their pathogenic ability on a series of strains of Fusarium oxysporum, but while strains of M. zamiae and Sphaerodes retispora caused significant growth inhibition a strain of Persiciospora moreaui grew actively and sporulated in intimate association with F. oxysporum, with health of the host fungus unaffected. They concluded that P. moreaui is a mutualist (or at least a biotrophic) parasite, and it therefore is likely to have coevolved with its host fungus. It therefore seems realistic to postulate that some species at least of Ceratostomataceae are host specific and that their ability to grow saprobically in pure culture in some cases may mask a specialized host/parasite relationship. Hawksworth (1982) ; also reported from hymenia of Lachnea (probably Humaria sp.) and Sepultaria (5 Geopora) sp. (Udagawa and Cain 1969) .
b Also reported from Coriolus flabelliformis (Papua New Guinea) and soil (Japan) (Hawksworth and Udagawa 1977) .
Melanospora subterranea is known to be a parasite of two Tuber species, T. indicum and T. huidongense. The growth and development of both asci and ascospores of T. indicum have been greatly reduced due to colonization by M. subterranea (FIG. 3) and it is clear that the Tuber ascomata will lose their commercial value after colonization.
Commercially exploited truffles sometimes are contaminated by bacteria or yeasts (Rivera et al. 2010) and truffles other than Tuber species are known to be hosts for other fungi, including several species of Ceratostomataceae (Cannon and Hawksworth 1982, Nikoh and Fukatsu 2000) . There are few records of filamentous fungi directly associated with the ascomata of Tuber species ). Battarrina inclusa was described from ascomata of Tuber puberulum in the UK, a cleistothecial fungus with cylindrical evanescent asci and small pale yellow ascospores that to date has been placed within the Bionectriaceae (Hypocreales; Hawker 1955 , Rossman et al. 1999 , Thoen and Schultheis 2005 . Examination of authentic material shows that its ascospores are winged instead of spinose as claimed by Hawker and Rossman and colleagues, and the genus may be related to Emericellopsis and Heleococcum. However, neither of these genera is known to be mycoparasitic, although H. aurantiacum has been collected from mushroom compost (Udagawa et al. 1995 , Zuccaro et al. 2004 ). On the other hand, Battarrina may represent an earlier name for the genus Vittatispora, an apparently basal member of the Melanosporales clade that also has small flanged ascospores (Chaudhary et al. 2006) . Nodulisporium tuberi was isolated from ascomata of Tuber maculatum (Fontana and Bonfante 1971, de Hoog 1974) ; its ecological role is unknown.
The only recent survey of fungi intimately associated with Tuber species was published by Pacioni et al. (2007) . Here seven different species of fungi were isolated as endobionts from healthy ascomata of seven Tuber species. Their role in truffle ecology has not been fully elucidated and were referred to by the authors as ''guest mycelia''. Some of these may function in a similar way to passive plant endophytes and may not influence growth and development of the host fungus, although some evidence of biotrophic interactions was presented. One species, Verticillium leptobactrum, is a relative of fungicolous members of the Cordycipitaceae that has been isolated from various fungal sources, including decaying agarics and the coffee rust Hemileia vastatrix (Zare and Gams 2008 , http://www.cbs.knaw.nl/collections/), but also is isolated frequently from soil and has been investigated for its potential as a nematode biocontrol agent (Regaieg et al. 2011) . In view of this apparent multiplicity of ecological strategies, V.
leptobactrum cannot be regarded as a definite parasite of Tuber melanosporum. Melanospora subterranea thus seems to constitute the first unequivocal record of a fungal disease of truffle species that are marketed commercially.
T. indicum and T. huidongense belong to separate clades within Tuber (Bonito et al. 2010a , Chen et al. 2011 , Kinoshita et al. 2011 , and so their parasite might be expected to have a wide host range within the genus. T. indicum now is established in truffle orchards in both Europe and North America (Murat et al. 2008 , Bonito et al. 2010b ) and is considered invasive and a potential threat to cultivation of the European black truffle T. melanosporum. Melanospora species and their relatives (Jordan and Barnett 1978 , Harveson and Kimbrough 2001 , Goh and Vujanovic 2010 can grow saprobically in soil and other natural substrata, especially in the presence of the host fungus. Further introductions of T. indicum in the form of mycorrhizal inoculants into regions outside its natural range therefore may pose the threat of establishment of the new Melanospora species as a parasite of the highly prized European species T. melanosporum and T. magnatum. Its presence might not be detected as a matter of routine, because infected truffle fruit bodies do not show external symptoms and normally are not examined internally before sale. Biologically active metabolites have not been adequately studied in Melanospora species, although cultural filtrates have been reported as poisonous to nematodes (Zhu et al. 2008) . Further evaluation of the commercial and health risks posed by the parasite is advisable.
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